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Abstract
A preliminary error budget for the third harmonic converter for the National Ignition Facility (NIF) laser driver has been

developed using a root-sum-square-accumulation of error sources.  Such a budget sets an upper bound on the allowable
magnitude of the various effects that reduce conversion efficiency.  Development efforts on crystal mounting technology and
crystal quality studies are discussed.
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1. Introduction
Third harmonic generation experiments on the Beamlet laser1 have demonstrated whole-beam energy third harmonic energy

conversion efficiencies of up to 80.6%, as indicated by the plot in Figure 1.2  Third harmonic conversion efficiencies of up to
85% at the peak irradiance of the input laser pulse are necessary to meet current NIF power and energy requirements.  At an
input drive irradiance of 3.3 GW/cm2 incident upon an 11 mm type I KDP second harmonic generation crystal followed by a
type II KD*P mixing crystal, the ideal plane wave third harmonic conversion efficiency, including absorption in the crystals,
is 90.8%.  This sets a total peak conversion efficiency error budget of 5.8%.
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Figure 1. Third harmonic conversion efficiency versus input 1ω drive
irradiance.  These data were recorded with a 29.6 cm aperture beam
incident upon 32 cm square KDP. crystals.



2. Preliminary Error Budget
The frequency converter error budget must account for many effects.  The effects that act to reduce harmonic generation

efficiency can be grouped into three sets of terms: loss terms, dynamic range terms, and angular sensitivity terms.  An upper
bound on the allowable magnitude of the various error budget terms can be determined from a root-sum-square accumulation
of errors.  The allocation of the 5.8% error budget in a root-sum-square accumulation of the three groups of error terms listed
above is given in Table 1.

A number of effects, including the presence of phase-modulated bandwidth and depolarization as well as surface
reflectivities, can be treated as losses.  These terms, which lead to a net reduction of 2.8% in conversion efficiency, are
summarized in Table 2.  The dynamic range terms are listed in Table 3.  Since we are concerned only with peak irradiance, the
spatial and temporal edges of the pulse are not included in the error budget.

Because mix ratio control in the type I / type II design is accomplished by angular detuning of the doubler, this design is
very sensitive to angular errors.3  From the plot given in Figure 2, we find that the angular sensitivity of third harmonic
generation is dominated by detuning in the doubler crystal.  An angular error of ±40 µrad internal to the doubling crystal
results in a third harmonic conversion efficiency reduction of 5%.  Consequently, the preliminary angular error budget will be
set at ±40 µrad, and apportioned entirely to the doubler.  The terms that contribute to the angular sensitivity are given in
Table 4.  Of particular concern are long-scale-length surface figure and phasematching angle uniformity of the crystals.

Table 1. Frequency converter error budget
Source of efficiency reduction Magnitude

Loss terms 2.8%
Dynamic range terms 1%
Angular sensitivity terms 5%

Total root-sum-square accumulation 5.8%

Table 2. Loss terms
Effect Budget Efficiency

reduction
Comments

bandwidth 30 GHz 1.4% required for SBS suppression
coating reflectivity SHG xtal

R = 0.1% (both faces)
0.2% SHG xtal: 1ω / 2ω compromise silicone/sol-gel

coatings
THG xtal
R = 0.9% (input)
R = 0.1% (output)

1.0% THG xtal: 1ω / 2ω compromise sol-gel coating on
input; 3ω optimized sol-gel coating on output

depolarization ≤ ±2.5˚ rotation ≤0.2% type I/II insensitive to depolarization
absorption in bulk
crystal

5.8%/cm @ 1ω
(o-wave in SHG)

– – already included in 90.8% efficiency value from plane
wave calculation

Table 3. Dynamic range terms
Effect Budget Efficiency

reduction
Comments

amplitude modulation 1.2:1 uniform distribution 1% Irradiance distribution will be gaussian-like
spatial and temporal
edges

N/A 0 Spatial and temporal edges of the pulse affect whole
beam energy conversion efficiency, not peak irradiance
efficiency



3. Crystal Deformation and Mounting
Deformation of the conversion crystal surfaces leads to wavefront deformation as the laser beam enters the crystal.  These

wavefront aberrations cause local variations in phasematching conditions that reduce conversion efficiency.  Such
deformations of the crystal surfaces can be caused by crystal cutting operations, the crystal mount, and gravitational sag.

When supported only at its corners, as is currently the case for Nova and Beamlet conversion crystals, the deflection of a 41
cm square crystal under its own weight can result in a conversion efficiency reduction of 2.5%.  Shown in Figures 3 and 4,
respectively, are contour plots of displacement calculated for a 41 cm square by 1.1 cm thick type I KDP doubler and a 41 cm
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Figure 2. Third harmonic conversion versus internal detuning angle
from phasematched direction for an 11 mm type I doubler and a 9 mm
type II tripler at an input drive irradiance of 3.3 GW/cm2.  A detuning
of ±40 µrad internal to the doubler reduces third harmonic generation
efficiency from 90.8% to 85%.  The tripler is three times less
sensitive to internal detuning.

Table 4.  Angular sensitivity terms
Effect Internal angle

allocation (µrad)
Comments

alignment ±26 root-sum-square accumulation of COMS, reference surface, and beam
alignments

temperature ±5 doubler thermally tunes at 50 µrad/˚C; tripler at 200 µrad/˚C
→  ∆T ≤ ±0.1˚C

beam divergence ±13 divergence with phase plate ≤35 µrad (external); 20 µrad (external) allocated to
beam

phasematching
uniformity

±15 CCI and COMS data indicate that 10 µrad is achievable with high quality
crystals

surface figure (long
scale)

±30 45 µrad (external) is allocated among mounting effects, surface figure of
crystal, and gravitational sag

Total (root-sum-
square)

±40 allocation based on sensitivity of tripling efficiency to doubler detuning



square by 0.9 cm thick KDP tripler.  The displacements are given in waves at 1 µm, and are calculated for boundary
conditions of simple support in the four corners with gravity acting parallel to the plate normal direction.  Under these
conditions, the maximum deflection of the doubler is 28 µm and the maximum deflection of the tripler is 40 µm.

The gravitational deflection of the crystals can be reduced significantly by supporting them completely around their
perimeter.  With simple support on all four edges, the doubler sag is calculated to be 4 µm and tripler sag is reduced to less
than 7 µm, resulting in a conversion efficiency reduction of only 0.1%.  If clamped boundary conditions are applied along all
four edges, doubler sag is calculated to be less than 1.5 µm and tripler sag is found to be less than 2 µm.  In this case there is
no discernible loss in conversion efficiency.  The crystal deflections and the corresponding conversion efficiency reductions for
these various sets of boundary conditions are summarized in Table 5.  We anticipate that the boundary conditions for real
mounts will lie somewhere between the idealized cases of simple support and clamped support.

The design of the Final Optics Cell (FOC) for the National Ignition Facility laser provides full edge support for both the

doubler and tripler crystals, as illustrated in Figure 5.  This monolithic cell also contains the final focus lens, and an optional
diffractive optic plate.  A two-thirds scale, multi-piece prototype FOC has been fabricated by single-point diamond turning.
The profile of the crystal mounting surface has been measured by phase-shift interferometry, as shown in Figure 6.  This
surface has been found to be flat to approximately 1 µm, with a maximum slope of about 8 µrad.

Figure 3. Contour plot of the calculated gravitational
deflection of a 41 cm square by 1.1 cm type I KDP
doubler simply supported at four corners.  Gravity acts
parallel to the plate normal direction.

Figure 4. Contour plot of the calculated gravitational
deflection of a 41 cm square by 0.9 cm type II KDP
tripler simply supported at four corners.  Gravity acts
parallel to the plate normal direction.

Table 5. Calculated crystal deflections for various boundary conditions
Boundary condition Doubler sag- 11mm type I

(waves @ 1µm)†
Tripler sag- 9mm type II

(waves @ 1µm)†
Efficiency loss

simple support all four corners 28 40 2.5%
simple support all four edges 4 <7 0.1%
clamped support all four edges <1.5 <2 0%
† gravity acts parallel to the plate normal direction



4. Crystal Quality

Highly efficient frequency conversion requires very good crystal quality.  Third harmonic generation experiments on
Beamlet using the 37 cm frequency conversion crystals produced lower whole beam energy conversion efficiency values than
were obtained in experiments using the 32 cm crystals.2  Although whole beam energy conversion efficiency was only 72 %,
an examination of near field images taken during recent Beamlet experiments indicates that some regions of the aperture were
converting in excess of 80% while other regions showed much lower efficiency.4  The phase maps of the 37 cm doubling and
tripling crystals, which are presented in Figures 7 and 8, show significant structure.  Furthermore, phasematching angle
measurements made during crystal cutting and finishing indicate an internal phasematching angle variation of at least 63 µrad
in the 37 cm doubler, whereas the 32 cm doubler showed a variation of only 5 µrad.  On the other hand, the 32 cm and 37 cm

Figure 7. Phase map of the 37 cm doubler, obtained by
phase-shift interferometry.

Figure 6. Measured surface profile of the 2/3-scale prototype
Final Optics Cell.  This measurement was performed with a
phase-shift interferometer operating at 632.8 nm.  The surface is
flat to approximately 1 µm.

Figure 8. Phase map of the 37 cm tripler, obtained by
phase-shift interferometry.

Figure 5. Illustration of the National Ignition
Facility Final Optics Cell (FOC).  In this figure,
the beam enters from the top, passing through the
doubling crystal, the tripling crystal, the final focus
lens, and an optional diffractive optic plate.  The
crystals will be held against the precision mounting
surfaces by compliant pads.



tripler crystals displayed similar levels of phasematching angle variation: 19 µrad and 16 µrad, respectively.  Consequently we
believe that the differences in conversion efficiencies that we have measured with the 32 cm and 37 cm crystals is due to the
poorer quality of the 37 cm crystals, and we are pursuing further off-line studies to better characterize these crystals.

5. Summary
We have developed a preliminary error budget for the third harmonic generator for the NIF laser driver.  This budget is

based on a root-sum-square accumulation of error from all of the various effects that can reduce conversion efficiency.  Because
some, but not all, of these effects can be treated as statistically independent, this error budget sets an upper bound on the
allowable magnitude of these error sources.  Lower bounds can be established by direct addition of the effects of all of these
error terms.  It is obvious that the allowable magnitudes of these error terms will have to be significantly reduced to meet this
tighter budget.  Consequently, a much more careful apportionment of the error budget will be required.  The most realistic
budget will lie between these two sets of bounds, but extensive modeling will be needed to establish the interactions of the
various error terms.  Such a budget will be developed early in the Title II engineering phase of NIF.

We have modeled the gravitational sag of the frequency conversion crystals under worst-case conditions, i.e. gravity acting
normal to the conversion crystal plates, and found that full edge support of the crystals will nearly eliminate efficiency
reductions due to that effect.  Measurements of our first prototype Final Optics Cell show that it achieved a very flat
mounting surface.

An analysis of Beamlet results and limited crystal characterization data indicate that crystal quality is the primary cause of
the reduced conversion efficiency that has been observed with the 37 cm conversion crystals during Beamlet experiments.
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